MgO-doped Ba 0.6 Sr 0.4 TiO 3 ͑BST͒ thin films were synthesized by rf magnetron sputtering at substrate temperature of 750°C using single-phase targets with different MgO contents ranging from 0 to 5 mol %. Microstructure, dielectric constant, and leakage current density of the MgO-doped BST films were characterized to understand the influence of the MgO dopant on film properties. Polycrystalline and perovskite phase solid solution films with a dense microstructure were obtained in all deposition conditions. The thickness of the 0,2, and 5 mol % MgO-doped BST films was measured to be 190, 140, and 150 nm, respectively. The electrical and dielectric properties of the BST-containing capacitors are both found to be improved significantly by doping MgO in the BST films. The voltage-dependent capacitance C-V increases with increasing MgO doping up to 5 mol %. The evidence for the asymmetric distribution of charge carriers in the MgO-BST film is derived from the interfacial layer. The leakage current density of the 5 mol % MgO-doped BST capacitors is nearly two orders of magnitude lower and the dielectric constant is about 45% times higher than that of the undoped BST capacitors. Correlation of the material properties with dielectric properties suggests that the 5 mol % MgO-doped BST films are the optimal choice for applications.
I. INTRODUCTION
Recently great interest has been focused on the development of thin film ferroelectric materials because of their growing use in piezoelectricity, pyroelectricity, electro optical, and acoustic devices. 1, 2 Among them, Ba 1−x Sr x TiO 3 ͑BST͒ is being considered as a suitable dielectric material for integrated, nonvolatile memories, dynamic random access memories, acoustic transducers, and tunable microwave device applications because of their superior properties, such as high dielectric constant, low dielectric loss, excellent electrical properties, good thermal/chemical stability, good high frequency characteristics, [3] [4] [5] [6] [7] [8] and a Curie temperature below room temperature. For the realization of such device applications, it is important to develop a paraelectric thin film material showing no aging or fatigue behaviors with low dielectric loss, high dielectric constant, and better electrical properties.
Many studies have been carried out over the years focusing on the modification of electrical properties of the BST films such as dielectric constant and leakage current density as well as dielectric loss. [9] [10] [11] [12] Parameters that affect the electrical properties include grain boundaries, 9 microstructure, 10 compositional design, 11 and the type of electrodes. 12 Specifically, minimization of dielectric loss is achieved via compositional modification, e.g., acceptor doping. Cole et al. [13] [14] [15] [16] recently investigated the Mg doping effect on the microstructure and dielectric properties of metal organic solution deposited ͑MOD͒ BST films. The BST films with doping levels lower than 10% exhibited improved dielectric properties and lower leakage current. It was concluded that the electrical and dielectric properties of BST films were heavily influenced by dopant composition, microstructure, surface morphology, and oxygen vacancy. In order to ensure a long-term device reliability, therefore, specific microstructural requirements must be met. In this study, we report on the processstructure-property relationship of MgO-doped BST films synthesized by rf magnetron sputtering. The microstructure and its relative properties have not been investigated in great detail yet by transmission electron microscopy ͑TEM͒, partly owing to the difficulty of specimen preparation for TEM analysis. The effect of the MgO doping on the a͒ Author to whom correspondence should be addressed; electronic mail: mingchiehchiu@gmail.com crystallinity and microstructure of the films is evaluated and correlated with the film's dielectric and electrical properties.
II. EXPERIMENTAL DETAILS
BST thin films doped with 0, 2, and 5 mol % MgO were deposited, via a 13.56 MHz, 600 W rf magnetron sputtering system on commercial Pt ͑150 nm͒ /Ti ͑50 nm͒ / SiO 2 ͑200 nm͒ / p-Si ͑100͒ substrates, using hot-pressed stoichiometric ceramic targets. The MgO-doped BST multicomponent targets were fabricated by a standard solid-state powder mixing reaction process described in previous literatures in detail. A high quality SiO 2 layer about 200 nm thick was grown by thermal oxidation on p-Si ͑100͒ wafer. Planar capacitors comprised a 150 nm thick Pt bottom electrode that was deposited by a dual-gun evaporator along with a 50 nm Ti interlayer prepared by rf magnetron sputtering using a Ti target. The BST films were prepared at a fixed power of 150 W ͑the power density was 3.28 W / cm 2 ͒, and the working pressure of the chamber during deposition was about 1 ϫ 10 −2 Torr, which was composed of a mixture of argon and oxygen at a mixing ratio of 1:4 with a total flow rate of 25 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The substrate temperature was kept at 750°C. A summary of the deposition conditions for the BST films is given in Table I . The planar capacitors were made to investigate the electrical properties of the BST films. Top Pt electrodes with a thickness of 350 nm and a diameter of 150 m were patterned by a lithographic lift-off process.
The MgO-doped BST films were characterized on microstructure, composition, dielectric, and electrical properties. The crystallinity of the films was investigated by glancing incidence x-ray diffraction ͑GIXD͒ ͑PAN Analytical, XЈ Pert PRO͒ using Cu K␣ radiation with an incident angle of 2°at a scanning speed of 2°min −1 under 45 kV and 40 mA. Field-emission scanning electron microscopy ͑FESEM͒ ͑JEOL JSM-6700F͒ was used to study the cross-sectional morphologies of the film. Compositional depth profiles of the BST-based coatings were analyzed by Auger electron spectroscope ͑AES͒ ͑670 PHI Xi͒ equipped with an Ar ion source operated at 3 keV. Analytical transmission electron microscope ͑AEM͒ ͑JEOL 1200EX II͒ was used to examine the microstructure and crystallinity of the films, and the interfaces between BST and Pt bottom electrodes was conducted by field-emission gun transmission electron microscope ͑FEGTEM͒ ͑Philips Tecnai F30͒ combined with energy dispersive spectroscopy ͑EDS͒ ͑Oxford LINK ISIS͒.
Dielectric and electrical measurements were conducted on the BST films in a metal-insulator-metal ͑MIM͒ capacitor configuration. The capacitance-voltage ͑C-V͒ curves with a stair step voltage of 0.1 V swept were measured at a frequency of 1 MHz using a capacitance-bias voltage analyzer ͑HP 4284A͒. The measurements were performed as cycle sweeps ͑from negative voltage to positive voltage back to negative voltage͒ to check for any possible hysteretic behavior. The current-voltage ͑I-V͒ sweep characteristics were investigated using a precision semiconductor parameter analyzer ͑Agilent 4156C͒ at a dc stair step voltage of 50 mV. Figure 1͑a͒ displays the GIXD pattern of a typical MgOdoped BST film deposited at substrate temperature of 750°C for 60 min with various MgO doping contents. The GIXD results demonstrate that all films possess a randomly oriented polycrystalline structure with no evidence of secondary phases, as the amounts of MgO addition are insufficient to form an enough second phase, and indicate the presence of a cubic perovskite BST phase. It was also observed from the selective area diffraction ͑SAD͒ that all films contain the cubic perovskite BST phase even for the 5 mol % MgO dopant content. A list of the crystalline planes identified by the SAD is given in Table II . The d spacings obtained from these measurements are consistent with that reported in the powder diffraction files.
III. RESULTS AND DISCUSSION

A. X-ray diffraction analysis
33 A significant decrease in the peak intensity of the dominant ͑110͒ peak for the MgO-doped BST films is likely due to a decrease in the film crystallinity, as supported by the cross-sectional TEM analysis in the following section. Additionally, there were subtle differences in the full width at half maximum ͑FWHM͒ of ͑110͒ peak as the MgO doping content was increased to 5 mol %, as shown in Fig. 1͑b͒ . The peak broadening is indicative of a decrease in grain size. This result demonstrates that the incorporation of foreign ions in thin films could lead to a different microstructure and crystallinity. It is well known that MgO is an inhibitor for grain growth in titanate ceramics. 17, 18 Cole et al. [13] [14] [15] [16] also reported that the MgO doping suppresses grain growth in the BST-based films due to an increase in activation energy barrier.
B. Morphology
The film microstructure, in a direction perpendicular to the surface, was analyzed via cross-sectional FESEM. Figures 2͑a͒-2͑c͒ display the cross-sectional FESEM micrographs of the 0, 2, and 5 mol % MgO-doped BST films, respectively. The FESEM micrographs clearly delineate the BST/ Pt/ Ti/ SiO 2 / Si layer structure. The thicknesses of the 0, 2, and 5 mol % MgO-doped BST films were measured to be 190, 140, and 150 nm, respectively. In other words, the amount of MgO dopant has a considerable influence on the film thickness, reflecting a decrease in film thickness of the MgO-doped BST films relative to that of the undoped BST film. This is likely caused by the difference in both sputtering and sticking coefficients of each element. The interfaces between BST films and bottom Pt electrodes are structurally abrupt boding well for the superior mechanical integrity and good adhesion characteristic of the BST/ Pt/ Ti/ SiO 2 coated Si substrate for all samples. In addition, the microscopic results demonstrate that the undoped and MgO-doped BST films all possessed a crystallized, dense, and void-free microstructure.
C. Microstructure and chemistry
Further investigation by cross-sectional AEM illustrated in Figs. 3͑a͒-3͑c͒ shows that all films are polycrystalline composed of columnar grains randomly distributed throughout the entire film thickness. Significant differences in the microstructure and crystallinity can be found among the three specimens. It is known that the columnar microstructure is typical for physical vapor deposited BST films, 19, 20 as opposed to chemical vapor deposited ones, which possess a granular microstructure. [13] [14] [15] [16] The interfacial structure between MgO-doped BST film and Pt bottom layer was observed by FETEM. Figures 4-6 show the cross-sectional FETEM micrographs of the interface between the MgO-doped BST film and Pt bottom layer at MgO doping contents of 0, 2, and 5 mol %, respectively. It is shown that an appreciable roughening surface of the Pt bottom layer and an interfacial layer can be found between the MgO-doped BST film and Pt bottom layer. The FETEM micrographs confirm that the interfacial layer is an amorphous phase. The thickness of the amorphous layer varies from place to place along the interface and is in the order of several nanometers. In addition, the thicker amorphous region was usually found at the junctions of the grain boundary and interface. The average thicknesses of these thicker amorphous regions are estimated to be ϳ3.5, ϳ16.7, and ϳ19.8 nm at MgO doping contents of 0, 2, and 5 mol %, respectively. The formation mechanism of this amorphous layer is not fully understood. One reason may result from imperfection at the interface between the MgO-doped BST film and Pt bottom layer. On the other hand, Qin et al. 21 also verified that an amorphous layer was found between BST and Pt bottom electrode. It is found that the interface areas with amorphous phase have a higher Ti content than the crystalline BST film matrix. Consequently, the amorphous areas have a considerable amount of excess Ti, which supports the results obtained by EDS analysis as described in a previous paper. 22 The AES depth profiles of the undoped and 5 mol % MgO-doped BST films deposited at substrate temperature 750°C are displayed in Fig. 7 . The AES elemental depth profiles revealed a sharp interface with no significant interdiffusion of the constituent elements between BST and Pt layer. The depth profiles also revealed that each constituent element of the BST film possessed a uniform distribution from the BST film surface to the interface between BST and Pt bottom layer. These results verify the fact that the undoped and 5 mol % MgO-doped BST films on Pt layer maintain chemical and thermal stability at a temperature up to 750°C. Figure 8 shows the C-V characteristic curves of the 0, 2, and 5 mol % MgO-doped BST films measured at temperature 25°C. It shows that the dielectric constant of the MgOdoped BST films is higher than that of the undoped BST film over the range of bias voltage applied. However, higher dielectric constant was obtained for the poor crystalline MgOdoped BST film, which apparently, contradicts the fact that a better crystallinity results in a higher dielectric constant. The exact reason to elucidate the nature of these dielectric changes was described in a previous paper. 23 When the bias is swept from negative to positive electric field, the dielectric constant reaches a maximum and then decreases. The curve of the undoped BST film is nearly symmetrical around the zero field point of reference, as shown in Fig. 8͑a͒ . This indicates that it contained no movable ions or charges accumulated at the interface between the BST film and the Pt electrode. This curve is devoid of any hysteresis when it is reversing the electric field back to negative electric field. Therefore, this curve indicates that the undoped BST film is paraelectric in nature. In Figs. 8͑b͒ and 8͑c͒ , however, the voltage at which the dielectric constant is maximum and is not at zero electric field. The shift in the location of dielectric constant maximum away from zero electric field might have resulted from unbalanced physical or electrical properties of the MgO-doped BST films at either the top or the bottom Pt/BST interface. If an internal electric field exists in dielectric thin films, the C-V characteristic curve shifts. For example, the MIM capacitor has an internal electric field stemming from the work function difference between the top and bottom electrodes. Therefore, the amount of C-V characteristic curve shift is proportional to the strength of the internal electric field, when all bias voltages are directly applied to the dielectric film. However, in our case, this is not the major reason for the C-V characteristic curve shift. The Pt/BST/Pt MIM capacitor suggests that the top and the bottom electrodes have an equal work function. The possible reason for the C-V characteristic curve shift may be the presence of an interfacial layer between the Pt bottom electrode and the MgO-doped BST thin film, as expected from the FETEM images discussed above, which is different from that between the Pt top electrode and the MgO-doped BST thin film. The formation of this interfacial layer with a low C i cannot be ruled out, and a shift in C-V characteristic curve of the MgO-doped BST film is assumed to be due to an asymmetric distribution of the charge carriers in the film. It is indicated that the dielectric constant maximum increases and shifts forward to a higher positive bias voltage ͑ϳ +90 kV/cm͒ and reverse to a lower positive one ͑ϳ +60 kV/cm͒ with MgO addition. Wang et al. 24 claimed that the positive C-V shift upon reversing the field indicates the presence of excess negatively charged species near the top electrode. In our case, therefore, the negative shift upon reversing the field for the MgO-doped BST films indicated the presence of excess negatively charged species near the bottom electrode. The C m ϫ⌬V is a measure of accumulated charge, where C m is the maximum capacitance and ⌬V is the corresponding voltage shift. 27 The fact that the ⌬V is greater for MgO-doped BST films implies an increase in charge accumulation. In addition, two peaks can be seen in the figures and hysteresis is more apparent with MgO addition. On the other hand, film strain in heterogeneous films can be caused by the mismatch between the lattice parameters, thermal expansion coefficients, and growth imperfections of the film and substrate. The latter depends upon the technological process of film synthesis while the others are determined by the substrate-film pair. The strain referred to growth stress can be relaxed by diffusion processes at high growth temperature or during subsequent high temperature annealing. However, unrelaxed residual strain effectively changes the lattice parameters. Misfit microstructures were present inside the MgOdoped BST films, next to the film/substrate interface observed at the film/substrate interface by cross-sectional high resolution FE-TEM, especially the first 3-20 nm above the substrate ͑Figs. 4-6͒ with an amorphous interfacial layer. Interfacial layer is found in the samples that are greatest for 5 mol % MgO-doped BST film. To determine the film strain, it is measured the lattice parameters of MgO-doped BST films along ͑110͒ reflection. The lattice parameter of the 5 mol % MgO-doped BST films is about 0.3% greater than the lattice parameter of the undoped BST films. This was also confirmed with T c measurement. Chang et al. 25 proposed that a change in the stress could lead to a shift of T c to higher or lower temperature, depending upon tensile or compressive strain, respectively. As a result, it can be concluded that a shift of T c of the MgO-doped BST film to higher temperature, as compared with the undoped BST film displayed in a previous study, 23 is caused by the tensile strain in the film. In the case of tensile strain which causes a shift of T c to higher temperatures so that the film is in a ferroelectric phase. Similar effect has been also reported by Yano et al. 26 that the strain in the films is developing due to the lattice mismatch between Pt and BaTiO 3 . The strain is closely related to the change of the dielectric constant for our experimental configuration as displayed in Fig. 8 . The observation of lattice distortion is due to lattice mismatch between film and substrate that are very important to our understanding of how to modify the dielectric properties of the films. Figure 9 shows the dielectric constantS of the undoped and 5 mol % MgO-doped BST films versus measuring temperatures ranging from 30 to 100°C. The measuring temperature of maximum was chosen because it is higher than the maximum operating temperature ͑ϳ85°C͒ quoted in reliability specifications for semiconductors. The dielectric constants of both films are not significantly changed within the measured temperatures. However, the dielectric constant of the MgO-doped BST films is higher with a smooth variation ͑ϳ0.5% ͒ lower than 5%, while that of the undoped BST films is lower with a slightly rippledlike variation ͑ϳ7%͒ higher than 5%. This result is probably due to the dielectric stability of the dielectric films, and it is more dielectric stable for the MgO-doped BST films compare with the undoped BST films.
D. Dielectric and leakage properties
A difference in the leakage current characteristics of the 0 -5 mol% MgO-doped BST films can be seen in Fig. 10 . The changes of leakage current density between positive and negative biases may be due to the difference in interfacial structure between top and bottom BST/Pt interfaces. It shows the variation of leakage current density as a function of the applied voltage with positive bias voltage applied to the top electrodes. As indicated in the figure, the leakage current density ͑3.49ϫ 10 −8 A/cm 2 at 100 kV/ cm͒ of the 5 mol % MgO-doped BST film is nearly two orders of magnitude lower than that ͑2.28ϫ 10 −6 A/cm 2 at 100 kV/ cm͒ of the undoped BST film, see also Table III . Therefore, MgO doping content should be at least as high as 5 mol % to ensure that the BST films become more insulating. It can be drawn from the results that the incorporation of MgO leads to the difference in microstructure and crystallinity, as evidenced by the GIXD and AEM observations, resulting in a different leakage behavior. In terms of the microstructure, it is well understood that the presence of grain boundaries plays a vital role in the conduction mechanism by decreasing the leakage current through the film. Furthermore, Copel et al. 28 recently found that the addition of a small amount of acceptor dopants, especially Mn, into a BST film produced a notable increase of the Schottky barrier height at the Pt/BST interface using x-ray photoelectron spectroscopy. The increased barrier height is related to the change of the pinning of the metal Fermi level at the ferroelectric interface by acceptor doping. In addition, an additional mechanism has also needed to be considered because the dopants can also change the depletion width, which may separately affect the leakage current, discussed in detail by Scott 29 recently. The depletion width w at zero-applied voltage is simply described by
where is the dielectric constant, V b is the built-in potential, q is the magnitude of electron charge, k is Boltzmann's constant, and N d is the net donor concentration. It is noted that w is inversely proportional to N d , implying that w increases with decreasing electron concentration in the film. Therefore, w expands in the case of acceptor doping due to the reduced electron concentration. The expanded w makes it more difficult for electrons to pass through the potential barrier, resulting in the decrease of the leakage current. 31 Therefore, we surmise, in our case, that the leakage current of BST films is also a result of the superposition of thermionic Schottky emission and tunneling current. They may contribute to BST films with acceptor doping, i.e., Mg, having a lower leakage current than the undoped BST films proposed here.
In addition, MgO-doped BST film does not exhibit an obvious field to breakdown, while the field to breakdown is 421 kV/ cm of the undoped BST film, as shown in Fig. 11 . It has been reported that the breakdown field of BST films increases with decreasing grain size. 27, 32 The enhanced dielectric breakdown for smaller grain sizes has been attributed to the fact that the smaller grain sizes produce more grain boundaries allowing higher breakdown fields to be obtained. The observed trend whereby the elevated MgO doping contents are paralleled by decreasing grain size and lower leakage current, which in turn extends the films dielectric breakdown field. As a result, MgO can be an effective dopant served to enhance the dielectric and electrical properties of BST films.
IV. CONCLUSIONS
The influence of the BST films with 0 -5 mol % MgO doping contents deposited at substrate temperature of 750°C on the microstructure and dielectric properties is investigated. This investigation demonstrates that single-phase MgO-doped BST films with polycrystallites, dense structure, and discrete film-electrode interfaces can be prepared by rf magnetron sputtering. However, MgO doping can suppress grain growth in the BST-based films and decreases with increasing MgO doping contents. An amorphous layer at BST/Pt interface is found and estimated to be 3 -20 nm of the BST films with 0 -5 mol % MgO addition. The AES elemental depth profiles revealed a uniform distribution from the BST film surface to the interface between BST and Pt bottom layer and a sharp interface with no significant interdiffusion of the constituent elements between BST and Pt layers. It is shown that 5 mol % MgO-doped BST film has a dielectric constant of 129, a loss tangent of 0.0015 at 1 MHz, and a leakage current density of 5.66ϫ 10 −8 A/cm 2 at an electric field of 100 kV/ cm, which are better than that of the undoped BST film, 89, 0.0078, and 1.75ϫ 10 −6 A/cm 2 , respectively. The study indicates that MgO can be an effective dopant for increasing the dielectric constant and reducing the leakage current of the BST films.
